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cochlear implant outcomes
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Abstract
Hypothesis—Suboptimal cochlear implant (CI) electrode array placement may reduce presentation
of coded information to the central nervous system and consequently limit speech recognition.
Background—Generally, mean speech reception scores for CI recipients are similar across
different CI systems, yet large outcome variation is observed among recipients implanted with the
same device. These observations suggest significant recipient-dependent factors influence speech
reception performance. This study examines electrode array insertion depth and scalar placement as
recipient-dependent factors affecting outcome.
Methods—Scalar location and depth of insertion of intracochlear electrodes were measured in 14
patients implanted with Advanced Bionics electrode arrays and whose word recognition scores varied
broadly. Electrode position was measured using computed tomographic images of the cochlea and
correlated with stable monosyllabic word recognition scores.
Results—Electrode placement, primarily in terms of depth of insertion and scala tympani vs. scala
vestibuli location, varies widely across subjects. Lower outcome scores are associated with greater
insertion depth and greater number of contacts being located in scala vestibuli. Three patterns of
scalar placement are observed suggesting variability in insertion dynamics arising from surgical
technique.
Conclusion—A significant portion of variability in word recognition scores across a broad range
of performance levels of CI subjects is explained by variability in scalar location and insertion depth
of the electrode array. We suggest that this variability in electrode placement can be reduced and
average speech reception improved by better selection of cochleostomy sites, revised insertion
approaches, and control of insertion depth during surgical placement of the array.
Keywords
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Despite the use of different electrode designs and processing algorithms across clinically-
applied cochlear implant (CI) systems, the average speech-reception abilities of CI recipients
are similar across devices. However, within the same device wide variability in speech-
reception is seen across individuals (1), suggesting that significant recipient-dependent factors
limit overall speech reception at the individual level. Numerous recipient-specific factors have
been identified as affecting word recognition, including duration of deafness and duration of
CI use (2-4), residual preoperative speech recognition (3,4), pre/postlingual status (5), choice
of electrode coupling (6,7), choice of processing algorithm (8,9), and method and quality of
fitting (10). Age at implantation has been found to have a small negative (2) or no (11) influence
in older populations. Other factors, known to vary across subjects but have not been
demonstrated to influence speech reception significantly, include medio-lateral placement of
electrodes within scala tympani (ST) (12), spiral ganglion cell survival (13,14), morphological
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changes in surviving ganglion cells (15), inconsistent psychophysical percepts (16), and
compromised central pathways (17,18).
This study examines variability in intracochlear electrode array scalar placement and insertion
depth as possible contributing factors to variability in word recognition in the context of two
questions, including (1) whether the intended placement goals for the array were achieved
during insertion, and (2) if the array was sub-optimally placed, have the functional aspects of
the array been altered from its intended operation?
Postmortem histological observations of the temporal bones of CI recipients have revealed
intracochlear fibrous growth, bone formation, scala vestibuli (SV) invasion, fractures of the
osseous spiral lamina, and disruption of the basilar partition at the cochleostomy site (19-25).
These studies have shown that even in the presence of cochlear structural disruption, useful CI
outcomes can be obtained by stimulation of modest numbers of surviving ganglion cells. More
recent studies involving in situ embedding and sectioning of the electrode array in place provide
a better assessment of conditions immediately post mortem. These studies have confirmed
earlier findings, but have found no significant correlation between the numbers of surviving
ganglion cells and performance (14,26-28). This suggests that the status of the central nervous
system (CNS) might play a greater role than previously thought (28) and/or other peripheral
factors contribute significantly to outcome variability.
Given numerous reports of cochlear damage during test insertions into fresh temporal bones
(29-34), increased damage risk in the apical cochlea with deep insertions (29-35), variability
in insertion depths (36,37), and observation of array migration from ST to SV during insertion
(29,30,32,33,38), it is likely that tissue trauma occurs during insertion; as a result, electrode
placement fails to achieve intended surgical goals. Thus the intended functional representation
of information by the electrode array might be substantially altered. Consequently, we
hypothesize that observed variability in electrode placement across individual recipients will
account for a significant portion of variability in speech reception across the same subjects.
Recent advances in radiologic assessment of CI electrode placement in vivo (12,39-46) and
measurement of intracochlear physiological potentials with current CI devices offer new
opportunities to relate outcomes to the anatomical and physiological details of the electrode-
nerve interface. In this study recipients were examined using high-resolution, computed
tomography (CT) imaging. Measures of tonotopic electrode discrimination, and consonant-
vowel nucleus-consonant (CNC) word recognition were also made. Data presentation and
analysis in this paper will examine the effects of electrode position and tonotopic electrode
discrimination on CNC word recognition.
MATERIALS AND METHODS
Fourteen subjects in the CI program at Washington University School of Medicine (WUSM)
and previously implanted with either the Advanced Bionics (AB) Clarion C-II or 90K implant
systems were studied. Operations had been performed by four surgeons affiliated with WUSM
and one from another medical center. The surgical techniques used were standard procedures
through the mastoid and facial recess. Cochleostomies were placed anterior and inferior to the
round window (RW) niche to enter the ST. The 14 subjects who agreed to participate were
obtained from a pool of 24 adult AB CI users whose word recognition scores (47) spanned a
range from poor-to-excellent. Those who agreed to participate were available to participate in
multiple research sessions over a 2−4 month period. CNC word scores at the time of selection
were stable and had been collected at least 4 months (range: 4−36 months) post CI activation.
The CNC word scores for these subjects, identified as S1 through S14 in descending order of
CNC scores, are shown in Figure 1 relative to other adult AB and Nucleus CI recipients
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implanted during the same time period at WUSM. Demographic and performance measures
for both groups are presented in Table 1 and show no significant differences. An electrode
discrimination task was performed with each subject using standard clinical software. After
loudness balancing at a comfortable level, paired pulse train stimuli on adjacent electrodes
were presented in random order to determine if the subjects could discriminate pitch between
electrodes. Subjects were screened to have no overt history that suggests an unusually
compromised CNS (i.e. meningitis, pre/perilingual deafness, dementia, etc). All human study
protocols were approved by the WUSM Institutional Review Board in accordance with the
Helsinki Declaration. Informed consent was obtained from all studied subjects including those
whose image data are presented in Figure 3.
A two-step procedure, as described in detail in a previous publication (41), using pre and post-
operative high resolution CT images was employed to determine the electrode position in each
subject's implanted cochlea. Post-operative CT images alone are inadequate due to metal
artifact bloom generated by the electrode array, which obscures the adjacent cochlear anatomy
needed to determine position. Using well-defined anatomical landmarks, a pre-operative CT
image voxel space optimized for anatomical detail was co-registered with a post-operative CT
image space optimized for resolution of the electrode (47). The electrode was then segmented
from the post-operative image data and copied into the pre-operative image space to provide
a composite image of electrode placement within an individual's cochlea. Electrode placement
was quantified in terms of (1) angular insertion depth of the center of each contact relative to
rotation about the midmodiolar axis beginning at the basal end of the cochlear canal and (2)
scalar location of each contact as to whether it is located below the basilar membrane (BM) in
ST or above it in the combined space of SV and scala media (SM) which is simply designated
as SV. Since the BM and other fine soft tissue structure within the cochlear canal are not
resolved in the pre-operative CT image, the scalar designation is determined by comparing a
midmodiolar section through each contact to that of an equivalent section of a high resolution
cochlear atlas generated from an optically-sectioned donor cochlea (41). While individual
cochleae differ in the exact shape and length of the cochlear spiral, the position of the BM at
a given location within the cochlea is consistent enough to allow for a determination of the BM
location in the pre-operative CT image In most cases the electrode contact is clearly in ST or
SV and their scalar designation can easily be made. Contacts that are in the region where the
array transitions from ST to SV have a higher degree of uncertainty as to scalar location, but
in most cases this transition involves only one or two contacts.
RESULTS
Figure 2 shows electrode placements in all 14 subjects in order of decreasing word recognition
from S1 to S14. Each panel shows the positions of electrode array contacts in terms of distance
relative to the lateral scalar bony wall, scalar position (black electrodes are in ST; white
electrodes are in SV), and depth of insertion. In general, note the marker contact (square box)
is inserted well beyond the cochleostomy in many subjects and the presence of at least some
contacts in SV in all subjects. Figure 3 shows electrode placements for additional subjects
implanted with the Nucleus 24 and Contour arrays and the MedEl array all obtained using the
same CT imaging methodology used to generate Figure 2. Figure 3 is included to show the
generality in electrode array placement variability across all manufacturers’ devices; however,
these subjects are not included in the present analysis of outcome dependencies.
Figure 4 compares angular insertion depths and scalar locations of individual electrode contacts
across subjects ranked in order of CNC Word Recognition scores. For each subject angular
insertion depth of each electrode contact relative to the center of the beginning of the cochlear
canal (41,44) is shown as a horizontal line of symbols. Variation in interelectrode angular
distances is related to a decrease in the radius of curvature of the cochlea from base to apex
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combined with variability in medio-lateral placement of the array longitudinally. Only the
effects of angular insertion depth are considered in this paper. The effects of medio-lateral
placement on outcome involves estimation of the location of the inner modiolar wall and
ganglion cell locations, neither of which is directly visible in the present CT analysis. These
effects will be addressed in a separate paper.
Three patterns of longitudinal distribution of contacts across ST and SV are observed (Figure
4). These patterns, (Insertion Pattern - B, M, and A for Basal, Middle and Apical, respectively),
are named for the region where the array first enters SV. For Pattern B (S6, S8, and S11-S14)
all contacts are located in SV beginning in the basal cochlea. For Pattern M (S1, S3-S5, S7 and
S9) the array begins in ST and transitions to and remains in SV at or slightly beyond 180°
insertion depth. S3 is classified as Pattern M based on clear intrusion of the array into SV at
approximately 200° insertion depth, whereas the array position wavers between ST and SV in
the basal region possibly due to buckling. Finally, Pattern A (S2 and S10, both with positioner
POS) is characterized by the array transitioning from ST to SV in the apical region beyond
360° insertion depth. The other subject with a positioner, S11, has Pattern B. An additional
metric, Scalar Position, is the general pattern of scalar electrode placement independent of
where the array crosses longitudinally from ST to SV (see Figure 4 caption for description).
A final metric, Total SV Elect Count, represents the total number of contacts in SV. All of these
metrics, including presence (+) or absence (−) of pitch confusions or difficulty in making
discriminations on the apical electrodes, Pitch Confus, are shown in Figure 4.
Bivariant and partial correlations (single-tailed) were computed to determine if CNC Word
Recognition decreased with measured variables describing electrode placement (angular
insertion depths of selected basal (E12) and apical (E1) electrodes = Basal Elect Angular
Depth and Apical Elect Angular Depth; length of the inserted portion of the array from the
apical-most contact to cochleostomy = Insertion Length; subject demographic descriptors [age
at testing = Age; duration of CI use = Duration CI Use; duration of deafness = Duration
Deafness], and presence or absence of confusion and/or subtle distinctions in pitch
discrimination of apical contacts = Pitch Confus). CNC Word Recognition decreased
significantly (Spearman, p≤0.05) with increases in Pitch Confus, Basal Elect Angular Depth,
Scalar Position, Total SV Elect Count, and Age and a shift in Insertion Pattern from pattern
M to B. Non significant variables included: Duration CI Use, Duration Deafness, Apical Elect
Angular Depth, and Insertion Length. In addition, increases in Basal Elect Angular Depth were
significantly related to increases in Scalar Position and Total SV Elect Count and Insertion
Pattern shift from M to B. Using partial correlations to control for covariance with other factors,
CNC Word Recognition was found to significantly decrease with Scalar Position when
controlling for Age. When controlling for Age and Scalar Position, CNC Word Recognition
was significantly reduced by Total SV Elect Count and a shift in Insertion Pattern from M to
B.
Linear regression analysis using step-wise introduction of independent factors (SPSS 15.0 for
Windows) yielded three statistically significant models of CNC Word Recognition (Table 2).
These regression models indicated that Scalar Position, Age and Total SV Elect Count can each
account for significant portions of the overall variance in CNC Word Recognition as reflected
by R2 scores. Combined together in Model 3 these factors accounted for almost 83% of the
outcome variance. Recall that Basal Electrode Angular Depth was significantly related to
Scalar Position and Total SV Elect Count, suggesting that there are combined effects of deep
insertion and SV array invasion in reducing word recognition.
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These results support the hypothesis that intracochlear electrode array placement accounts for
a significant portion of variability in word recognition observed across CI recipients. This
study, conducted in subjects with the AB system, confirms earlier reports in Nucleus subjects
of dislocation of electrode arrays from ST into SV and the consequent negative impact on
outcome (39,48). The present study extends these findings by describing variability in insertion
depth, primarily deep insertion, and its deleterious effect on outcome.
Variability in electrode insertion depth across subjects is shown in Figure 4. Insertion depth is
quantified by the measures Basal Elect Angular Depth and Apical Elect Angular Depth. While
these two measures are strongly coupled by both referencing locations along the same linear
electrode array, they are disassociated by variation in depth and trajectory of the array within
the cochlea. In particular, angular depths between adjacent contacts may vary as a consequence
of the diminishing radius of curvature of the cochlea apically and variation in the medio-lateral
locus of the array longitudinally relative to the medial wall. In general, variability in Basal
Elect Angular Depth is a more direct measure of variability in insertion depth arising from the
surgical insertion process itself, including conditions controlled directly by the surgeon. In the
present study CNC Word Recognition decreases significantly with increases in Basal Elect
Angular Depth; however, there is a confounding dependence on Age as older subjects had lower
speech recognition scores. Although age at implantation has been found to have a small
negative (2) or no (11) influence in older populations, Basal Elect Angular Depth is no longer
significantly related to reductions in CNC Word Recognition after controlling for Age, whereas
Scalar Position remains significantly associated. In a separate, but similar, study involving
subjects from the larger cohort of Nucleus recipients (Figure 1) a significant negative relation
between CNC outcome and array insertion depth was found (49). Consequently, we infer that
Basal Elect Angular Depth is the primary contributor to reduced word recognition, although
Age cannot be ruled out with the current sample. Finally, it is worth noting that increases in
insertion depth (Basal Elect Angular Depth) are significantly related to greater numbers of
electrodes being located in SV (Insertion Pattern, Scalar Position and Total SV Elect Count),
which significantly correlates with reduced CNC scores as discussed later.
Mechanistically, deep insertions may affect word recognition by effects at both the basal and
apical ends of the electrode array. Basally, deep insertions may leave the cochlear region from
the hook to the first turn devoid of electrode contacts, sacrificing possible basal stimulation
sites along the tonotopic axis. This approximate region is shown as Zone B (Figure 4) where
the electrode placement for S11 is a prime example, having loss of up to four basal stimulation
sites compared to S1's insertion. Other subjects experiencing similar, but not as severe, loss of
possible basal stimulation sites are S2, S4, S8, and S12-S14. Apically, deep insertions may
increase mechanical trauma close to the apex as the cochlear canal cross-sectional area
diminishes and the radius of curvature of the cochlea increases. In addition, stimulation
selectivity may diminish as the apical-most cell cluster of the spiral ganglion is approached.
This approximate apical region is shown as Zone A (Figure 4). Psychophysical electrode pitch
ranking tests indicate that 8 of 14 subjects have difficulty or cannot discriminate their apical
contacts. Of these 8 subjects, 6 have deep insertions with electrodes in Zone A. These findings
are consistent with a recent report describing apical pitch confusions in MedEl patients with
deeply inserted arrays (50). Although concern in the field about potential detrimental effects
of the offset between normal acoustic characteristic frequencies and actual tonotopic position
of electrode contacts coding those frequencies (51-53) implies that deeper insertion of present
electrode designs is indicated, evidence from this study suggests that deeper insertions will
likely be deleterious to outcome.
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Several mechanisms, acting separately or in combination, may explain why word recognition
is reduced by SV compared to ST placement. One is direct mechanical damage to cochlear
tissues resulting in loss of surviving ganglion cells (54). Others may be altered distribution of
longitudinal and medial electrical current pathways due to SV placement, disruption of BM,
and/or close proximity of contacts to the habenula (55). Yet another is increased likelihood of
cross-turn stimulation when a contact is located in SV as opposed to ST. In this case, a SV
electrode is approximately equidistant from ganglion cells located adjacent to the medial ST
wall of both the current cochlear turn and the next higher cochlear turn, increasing the
likelihood that stimulation would excite ganglion cells associated with both turns. It is
important to note that the average performance of S6 and S8, even with all contacts in SV, is
consistent with observations that intentional insertion into SV can result in little trauma (38)
and produce favorable outcomes (56-58). It is likely that multiple mechanisms could be active
and could vary regionally within the cochlea depending on electrode array insertion pattern.
Insight into why SV electrode placement occurs is suggested by examination of the Insertion
Pattern metric. Three patterns are observed, each suggesting a separate mechanism involving
insertion of the electrode array. Pattern A (S2 or S10, Figure 2), in which contacts move into
SV from ST in the apical end of the cochlea, is closest to the ideal of full ST insertion. In this
case, the array appears to have followed a ST trajectory up to the most apical part of the cochlea,
at which point it migrates into SV as the cochlear radius and scalar cross section diminish.
With Pattern M (S1 or S4, Figure 2) the array appears to have tracked through the basal cochlea
along a straight trajectory where the ST cross section is relatively large, but as the array tip
touches the outer ST wall slightly beyond 180° of angular insertion depth, the tip is deflected
upward through the BM into SV, where it remains for the rest of the insertion. Pattern M is
characteristic of tearing of the spiral ligament in the lower basal turn reported by other
investigators (31,34,35). With Pattern B (S6 or S11, Figure 2), where most contacts are located
in SV, the cochleostomy appears to have been made too high along the lateral cochlear wall,
causing the array to either enter directly into the basal-most SV or into ST directly below the
BM and at a trajectory that causes penetration of the BM into SV. In either case the array
remains in SV during the full insertion.
These patterns may well be dictated by the mechanical properties of the array itself. This cannot
be ruled out and has been the topic of past investigations (59,60). Figures 2 and 3 show that
similar electrode Insertion Patterns involving variability in depth of insertion and scalar
placement are observed across all manufacturers’ devices, as confirmed by other studies (32,
33,39,48). Preliminary results from a larger cohort of subjects implanted with the Nucleus
system show similar sensitivity of speech recognition to both scalar placement and insertion
depth (49). Similar results have been reported for the MedEl device (50), at least with regard
to insertion depth.
An additional factor contributing to variability in electrode placement is the size of the cochlea
itself. Variation in cochlear size and topology across subjects is well known from anatomical
and radiographic studies (61-63). Escude and colleagues have described variation in insertion
depth with increased size of the basal turn due to longer trajectories for straight electrode arrays
and altered insertion dynamics for perimodiolar arrays (36). The present data were analyzed
in similar fashion and showed that while cochlear size and gender variation were similar to
that reported by Escude et al., no statistically-significant correlation between cochlear size and
apical-most insertion depth or outcome measures were found in the present data. This finding
is most likely because the Escude et al. study limited linear insertion depth across subjects,
whereas in the present study cochlear size-dependent effects are essentially masked by large
uncontrolled variation in linear insertion depth.
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We hypothesize that variability in electrode placement can at minimum be improved by better
selection of cochleostomy sites and control of insertion depth during surgical placement of the
array, and consequently, average word recognition scores for the general CI population would
improve. The degree of improvement that may be expected in averaged speech recognition
scores was estimated from the current data. Assuming that surgical improvements could
eliminate initial electrode placement in SV, Regression Model 3 (Table 2) predicts an average
CNC Word Recognition of 81.9% (SD = 19.1) when the independent variables of Scalar
Position and Total SV Elect Count are assumed to be 1.0 and 0, respectively, as compared to
the actual CNC Word Recognition average of 46.1% (SD = 26.1) for the 14 subjects (Average
Age, Scalar Position and Total SV Elect Count of 61.5, 2.39 and 10.1, respectively). This
represents a significant estimated 35.8 point improvement in average CNC Word
Recognition scores (p=0.000, paired t-test) as a result of improved surgical placements into
SV without translocation into ST and with control of insertion depth. Although the magnitude
of this improvement is surprisingly large, is dependent on many underlying assumptions in the
simple regression model, and is probably subject to numerous limiting factors (e.g. ceiling
effects in word recognition testing), the implication is that the potential payoff for improvement
in surgical placement is very large.
Minimization of the effects of suboptimal electrode insertion is actively being pursued by our
group and other investigators. These approaches include surgical revision to correct for overly
deep insertion (64), improved selection of cochleostomy sites (60,65-69), and minimization of
electrode insertion trauma through refined insertion angles (66,69,70). Using the RW niche as
the landmark for the cochleostomy may explain some of the observed variability in the
cochleostomy site. Full exposure of the RW and placement of the cochleostomy inferior and
anterior to the RW annulus may improve ST insertions. Although cochleostomy placement
anteroinferior to the RW appears critical to consistent and desired placement in ST, placement
too inferior to the RW increases the likelihood of surgical damage to the cochlear aqueduct
and inferior cochlear vein (66,67,69,71). Careful preoperative evaluation of the relative
anatomy of the facial nerve, chorda tympani, orientation of the basal turn and midmodiolar
axis based on high-resolution preoperative CT scans to plan surgical techniques may be
beneficial. The insertion angle, in addition to cochleostomy placement, must be considered.
This angle is at least in part related to the insertion tools used to place the array and the
mechanical properties of the array itself.
In conclusion, this study shows that a significant portion of the variability in word recognition
scores across a broad range of performance levels of CI subjects is explained by variability in
scalar placement and insertion depth of the electrode array. Improved cochleostomy site
selection, revised insertion approaches, and better control of array insertion depth can minimize
the deleterious effects of both these electrode placement factors on speech reception.
Significant improvements in speech recognition are expected as a consequence of these surgical
improvements.
REFERENCES
1. Firszt JB, Holden LK, Skinner MW, et al. Recognition of speech presented at soft to loud levels by
adult cochlear implant recipients of three cochlear implant systems. Ear Hear 2004;25:375–87.
[PubMed: 15292777]
2. Blamey P, Arndt P, Bergeron F, et al. Factors affecting auditory performance of postlinguistically deaf
adults using cochlear implants. Audiol Neurootol 1996;1:293–306. [PubMed: 9390810]
3. Rubinstein JT, Parkinson WS, Tyler RS, et al. Residual speech recognition and cochlear implant
performance: effects of implantation criteria. The American journal of otology 1999;20:445–52.
[PubMed: 10431885]
Finley and Skinner Page 7













4. Friedland DR, Venick HS, Niparko JK. Choice of ear for cochlear implantation: the effect of history
and residual hearing on predicted postoperative performance. Otol Neurotol 2003;24:582–9. [PubMed:
12851549]
5. Dawson PW, Blamey PJ, Rowland LC, et al. Cochlear implants in children, adolescents, and
prelinguistically deafened adults: speech perception. J Speech Hear Res 1992;35:401–17. [PubMed:
1573879]
6. Pfingst BE, Franck KH, Xu L, et al. Effects of electrode configuration and place of stimulation on
speech perception with cochlear prostheses. J Assoc Res Otolaryngol 2001;2:87–103. [PubMed:
11550528]
7. Mens LH, Berenstein CK. Speech perception with mono- and quadrupolar electrode configurations: a
crossover study. Otol Neurotol 2005;26:957–64. [PubMed: 16151343]
8. Skinner MW, Holden LK, Whitford LA, et al. Speech recognition with the nucleus 24 SPEAK, ACE,
and CIS speech coding strategies in newly implanted adults. Ear Hear 2002;23:207–23. [PubMed:
12072613]
9. Wilson BS, Finley CC, Farmer JC Jr. et al. Comparative studies of speech processing strategies for
cochlear implants. Laryngoscope 1988;98:1069–77. [PubMed: 3172953]
10. Skinner MW. Optimizing cochlear implant speech performance. Ann Otol Rhinol Laryngol Suppl
2003;191:4–13. [PubMed: 14533838]
11. Leung J, Wang NY, Yeagle JD, et al. Predictive models for cochlear implantation in elderly
candidates. Arch Otolaryngol Head Neck Surg 2005;131:1049–54. [PubMed: 16365217]
12. van der Beek FB, Boermans PP, Verbist BM, et al. Clinical evaluation of the Clarion CII HiFocus 1
with and without positioner. Ear Hear 2005;26:577–92. [PubMed: 16377994]
13. Nadol JB Jr. Young YS, Glynn RJ. Survival of spiral ganglion cells in profound sensorineural hearing
loss: implications for cochlear implantation. The Annals of otology, rhinology, and laryngology
1989;98:411–6.
14. Khan AM, Handzel O, Burgess BJ, et al. Is word recognition correlated with the number of surviving
spiral ganglion cells and electrode insertion depth in human subjects with cochlear implants?
Laryngoscope 2005;115:672–7. [PubMed: 15805879]
15. Briaire JJ, Frijns JH. The consequences of neural degeneration regarding optimal cochlear implant
position in scala tympani: a model approach. Hear Res 2006;214:17–27. [PubMed: 16520009]
16. Collins LM, Throckmorton CS. Investigating perceptual features of electrode stimulation via a
multidimensional scaling paradigm. J Acoust Soc Am 2000;108:2353–65. [PubMed: 11108376]
17. Shepherd RK, Hardie NA. Deafness-induced changes in the auditory pathway: implications for
cochlear implants. Audiol Neurootol 2001;6:305–18. [PubMed: 11847461]
18. Shepherd RK, Hartmann R, Heid S, et al. The central auditory system and auditory deprivation:
experience with cochlear implants in the congenitally deaf. Acta Otolaryngol Suppl 1997;532:28–
33. [PubMed: 9442841]
19. Zappia JJ, Niparko JK, Oviatt DL, et al. Evaluation of the temporal bones of a multichannel cochlear
implant patient. The Annals of otology, rhinology, and laryngology 1991;100:914–21.
20. Nadol JB Jr. Ketten DR, Burgess BJ. Otopathology in a case of multichannel cochlear implantation.
Laryngoscope 1994;104:299–303. [PubMed: 8127186]
21. O'Leary MJ, Fayad J, House WF, et al. Electrode insertion trauma in cochlear implantation. The
Annals of otology, rhinology, and laryngology 1991;100:695–9.
22. Fayad J, Linthicum FH Jr. Otto SR, et al. Cochlear implants: histopathologic findings related to
performance in 16 human temporal bones. The Annals of otology, rhinology, and laryngology
1991;100:807–11.
23. Marsh MA, Coker NJ, Jenkins HA. Temporal bone histopathology of a patient with a nucleus 22-
channel cochlear implant. The American journal of otology 1992;13:241–8. [PubMed: 1609853]
24. Linthicum FH Jr. Galey FR. Histologic evaluation of temporal bones with coch-lear implants. The
Annals of otology, rhinology, and laryngology 1983;92:610–3.
25. Linthicum FH Jr. Fayad J, Otto SR, et al. Cochlear implant histopathology. The American journal of
otology 1991;12:245–311. [PubMed: 1928309]
Finley and Skinner Page 8













26. Khan AM, Handzel O, Damian D, et al. Effect of cochlear implantation on residual spiral ganglion
cell count as determined by comparison with the contralateral nonimplanted inner ear in humans.
The Annals of otology, rhinology, and laryngology 2005;114:381–5.
27. Khan AM, Whiten DM, Nadol JB Jr. et al. Histopathology of human cochlear implants: correlation
of psychophysical and anatomical measures. Hear Res 2005;205:83–93. [PubMed: 15953517]
28. Nadol JB Jr. Shiao JY, Burgess BJ, et al. Histopathology of cochlear implants in humans. The Annals
of otology, rhinology, and laryngology 2001;110:883–91.
29. Gstoettner W, Plenk H Jr. Franz P, et al. Cochlear implant deep electrode insertion: extent of
insertional trauma. Acta Otolaryngol 1997;117:274–7. [PubMed: 9105465]
30. Gstoettner W, Franz P, Hamzavi J, et al. Intracochlear position of cochlear implant electrodes. Acta
Otolaryngol 1999;119:229–33. [PubMed: 10320082]
31. Kennedy DW. Multichannel intracochlear electrodes: mechanism of insertion trauma. Laryngoscope
1987;97:42–9. [PubMed: 3796175]
32. Wardrop P, Whinney D, Rebscher SJ, et al. A temporal bone study of insertion trauma and
intracochlear position of cochlear implant electrodes. II: Comparison of Spiral Clarion and HiFocus
II electrodes. Hear Res 2005;203:68–79. [PubMed: 15855031]
33. Wardrop P, Whinney D, Rebscher SJ, et al. A temporal bone study of insertion trauma and
intracochlear position of cochlear implant electrodes. I: Comparison of Nucleus banded and Nucleus
Contour electrodes. Hear Res 2005;203:54–67. [PubMed: 15855030]
34. Welling DB, Hinojosa R, Gantz BJ, et al. Insertional trauma of multichannel cochlear implants.
Laryngoscope 1993;103:995–1001. [PubMed: 8361322]
35. Shepherd RK, Clark GM, Pyman BC, et al. Banded intracochlear electrode array: evaluation of
insertion trauma in human temporal bones. Ann Otol Rhinol Laryngol 1985;94:55–9. [PubMed:
3838226]
36. Escude B, James C, Deguine O, et al. The size of the cochlea and predictions of insertion depth angles
for cochlear implant electrodes. Audiol Neurootol 2006;11(Suppl 1):27–33. [PubMed: 17063008]
37. Radeloff A, Mack M, Baghi M, et al. Variance of Angular Insertion Depths in Free-Fitting and
Perimodiolar Cochlear Implant Electrodes. Otol Neurotol. 2007
38. Adunka O, Kiefer J, Unkelbach MH, et al. Evaluating cochlear implant trauma to the scala vestibuli.
Clin Otolaryngol 2005;30:121–7. [PubMed: 15839863]
39. Aschendorff A, Kubalek R, Turowski B, et al. Quality control after cochlear implant surgery by means
of rotational tomography. Otol Neurotol 2005;26:34–7. [PubMed: 15699717]
40. Skinner MW, Ketten DR, Holden LK, et al. CT-derived estimation of cochlear morphology and
electrode array position in relation to word recognition in Nucleus-22 recipients. J Assoc Res
Otolaryngol 2002;3:332–50. [PubMed: 12382107]
41. Skinner MW, Holden TA, Whiting BR, et al. In vivo estimates of the position of advanced bionics
electrode arrays in the human cochlea. The Annals of otology, rhinology & laryngology 2007;197:2–
24.
42. James C, Albegger K, Battmer R, et al. Preservation of residual hearing with cochlear implantation:
how and why. Acta Otolaryngol 2005;125:481–91. [PubMed: 16092537]
43. Yukawa K, Cohen L, Blamey P, et al. Effects of insertion depth of cochlear implant electrodes upon
speech perception. Audiol Neurootol 2004;9:163–72. [PubMed: 15084821]
44. Ketten DR, Skinner MW, Wang G, et al. In vivo measures of cochlear length and insertion depth of
nucleus cochlear implant electrode arrays. Ann Otol Rhinol Laryngol Suppl 1998;175:1–16.
[PubMed: 9826942]
45. Lane JI, Driscoll CL, Witte RJ, et al. Scalar localization of the electrode array after cochlear
implantation: a cadaveric validation study comparing 64-slice multi-detector computed tomography
with microcomputed tomography. Otol Neurotol 2007;28:191–4. [PubMed: 17159492]
46. Lane JI, Witte RJ, Driscoll CL, et al. Scalar localization of the electrode array after cochlear
implantation: clinical experience using 6-slice multidetector computed tomography. Otol Neurotol
2007;28:658–62. [PubMed: 17558341]
47. Whiting BR, Holden TA, Brunsden BS, et al. Use of Computed Tomography Scans for Cochlear
Implants. J Digit Imaging. 2007
Finley and Skinner Page 9













48. Aschendorff A, Kromeier J, Klenzner T, et al. Quality control after insertion of the nucleus contour
and contour advance electrode in adults. Ear Hear 2007;28:75S–9S. [PubMed: 17496653]
49. Skinner, M.; Holden, LK.; Holden, TA.; Heydebrand, G.; Finley, CC.; Stube, MJ.; Brenner, C.; Potts,
LG.; Gotter, BD.; Vanderhoof, SS.; Mispagel, K. Factors Predictive of Open-Set Word Recognition
in Adults with Cochlear Implants.. Poster presentation: 2007 Conference on Implantable Audiotory
Protheses; Lake Tahoe, CA. July 16, 2007; 2007.
50. Gani M, Valentini G, Sigrist A, et al. Implications of Deep Electrode Insertion on Cochlear Implant
Fitting. J Assoc Res Otolaryngol 2007;8:69–83. [PubMed: 17216585]
51. Faulkner A. Adaptation to distorted frequency-to-place maps: implications of simulations in normal
listeners for cochlear implants and electroacoustic stimulation. Audiol Neurootol 2006;11(Suppl 1):
21–6. [PubMed: 17063007]
52. Fu QJ, Shannon RV. Effects of electrode configuration and frequency allocation on vowel recognition
with the Nucleus-22 cochlear implant. Ear Hear 1999;20:332–44. [PubMed: 10466569]
53. Fu QJ, Shannon RV, Galvin JJ 3rd. Perceptual learning following changes in the frequency-to-
electrode assignment with the Nucleus-22 cochlear implant. The Journal of the Acoustical Society
of America 2002;112:1664–74. [PubMed: 12398471]
54. Leake PA, Hradek GT, Snyder RL. Chronic electrical stimulation by a cochlear implant promotes
survival of spiral ganglion neurons after neonatal deafness. The Journal of comparative neurology
1999;412:543–62. [PubMed: 10464355]
55. Shepherd RK, Hatsushika S, Clark GM. Electrical stimulation of the auditory nerve: the effect of
electrode position on neural excitation. Hear Res 1993;66:108–20. [PubMed: 8473242]
56. Kiefer J, Weber A, Pfennigdorff T, et al. Scala vestibuli insertion in cochlear implantation: a valuable
alternative for cases with obstructed scala tympani. ORL J Otorhinolaryngol Relat Spec
2000;62:251–6. [PubMed: 10965260]
57. Bacciu S, Bacciu A, Pasanisi E, et al. Nucleus multichannel cochlear implantation in partially ossified
cochleas using the Steenerson procedure. Otol Neurotol 2002;23:341–5. [PubMed: 11981392]
58. Berrettini S, Forli F, Neri E, et al. Scala vestibuli cochlear implantation in patients with partially
ossified cochleas. J Laryngol Otol 2002;116:946–50. [PubMed: 12487676]
59. Rebscher SJ, Heilmann M, Bruszewski W, et al. Strategies to improve electrode positioning and safety
in cochlear implants. IEEE Trans Biomed Eng 1999;46:340–52. [PubMed: 10097469]
60. Roland JT Jr. A model for cochlear implant electrode insertion and force evaluation: results with a
new electrode design and insertion technique. Laryngoscope 2005;115:1325–39. [PubMed:
16094101]
61. Dimopoulos P, Muren C. Anatomic variations of the cochlea and relations to other temporal bone
structures. Acta Radiol 1990;31:439–44. [PubMed: 2261286]
62. Hardy M. The length of the organ of Corti in man. Am J Anat 1938;62:291–311.
63. Xu J, Xu SA, Cohen LT, et al. Cochlear view: postoperative radiography for cochlear implantation.
The American journal of otology 2000;21:49–56. [PubMed: 10651435]
64. Kos MI, Boex C, Guyot JP, et al. Partial withdrawal of deeply inserted cochlear electrodes:
observations of two patients. Eur Arch Otorhinolaryngol 2007;264:1369–72. [PubMed: 17562059]
65. Adunka OF, Buchman CA. Scala Tympani Cochleostomy I: Results of a Survey. The Laryngoscope.
2007
66. Briggs RJ, Tykocinski M, Stidham K, et al. Cochleostomy site: implications for electrode placement
and hearing preservation. Acta Otolaryngol 2005;125:870–6. [PubMed: 16158535]
67. Briggs RJ, Tykocinski M, Xu J, et al. Comparison of round window and cochleostomy approaches
with a prototype hearing preservation electrode. Audiol Neurootol 2006;11(Suppl 1):42–8. [PubMed:
17063010]
68. Roland PS, Wright CG. Surgical aspects of cochlear implantation: mechanisms of insertional trauma.
Advances in oto-rhino-laryngology 2006;64:11–30. [PubMed: 16891834]
69. Roland PS, Wright CG, Isaacson B. Cochlear implant electrode insertion: the round window revisited.
Laryngoscope 2007;117:1397–402. [PubMed: 17585282]
70. Eshraghi AA. Prevention of cochlear implant electrode damage. Curr Opin Otolaryngol Head Neck
Surg 2006;14:323–8. [PubMed: 16974145]
Finley and Skinner Page 10













71. Li PM, Wang H, Northrop C, et al. Anatomy of the round window and hook region of the cochlea
with implications for cochlear implantation and other endocochlear surgical procedures. Otol
Neurotol 2007;28:641–8. [PubMed: 17667773]
Finley and Skinner Page 11














Rank order presentation of post activation CNC word recognition scores for a selection of
Nucleus and Advanced Bionics adult CI recipients at WU School of Medicine. Scores are
interpolated to 6 months post activation based on longitudinally collected data, unless
otherwise noted. Black bars indicate scores for the subset of individuals with the AB device
who participated in this study. These subjects are numbered (S#) in descending rank order of
each individual's CNC score at entry into study. At entry into the study all subjects had stable
CNC performance and at least 4 months of experience post activation.
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CT-based views of the boundary between the scalar fluid space and bony wall in each CI subject
as seen from the apex of the cochlea along the midmodiolar axis. Electrode array styles are
HiFocus® I (S2, S5, S10, and S11), HiFocus® Ij (S1, S3, S6-S9, S12-S14), and HiFocus®
Helix (S4). The position and insertion depth of electrode contacts are shown relative to the
bony wall. White contacts (○) are in SV, and black contacts (•) are in ST. Boxed contacts (□)
are non stimulating marker contacts. The apical-most contact is marked as E1. Subjects S2,
S10 and S11 have electrode positioners in place. The radial white line is the 0° reference from
which angular insertion depth is measured and extends from the midmodiolar axis through the
beginning of the cochlear canal.
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CT-based views similar to Fig. 2 showing electrode position and insertion depth in recipients
of Nucleus and MedEl cochlear implant systems. These recipients are not participants in the
present study but are included with those in Fig. 2 to illustrate that variability of electrode
placement is not unique to a single electrode design and is possible with any manufacturer's
devices. Displayed arrays are Nucleus Contour (a-c), Nucleus Contour Soft-Tip (d-e), and
MedEl Combi 40+ (f).
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Angular insertion depths, scalar locations and insertion patterns of individual electrode contacts
for subjects ranked in order of CNC word recognition scores. Each line of 16 symbols is located
along the ordinate to indicate the subject's CNC Word Recognition score and mark the angular
insertion depth of individual electrode contacts (E16 to E1, left-to-right). Open diamonds
(◇) indicate contacts located outside of the cochlea (e.g. basal-most contacts for S5). Black
circles (•) indicate electrode contacts located in ST, whereas white squares (□) indicate contacts
located in SV. The vertical line at 34° insertion depth indicates the expected position of E16
for an array insertion with which the marker contact is positioned at a RW cochleostomy site.
Columns to the right indicate presence of an electrode array positioner (POS), subject
designation, age at time of the study, and four metrics, Insertion Pattern(A,B or M), Scalar
Position (1 = All contacts in ST; 1.5 = Contacts initially in ST followed by a section of the
array mapping into SV space and returning to ST; 2.0 = Initially ST then entering SV for the
remainder of the cochlea; 2.5 = contacts are initially in SV followed by contacts mapping into
ST and returning to SV; and 3.0 = All contacts in SV), Total Number of Electrodes in SV, and
the Occurrence of Apical Pitch Confusions [present (+); absent (−)], each described in the text.
Zone B and Zone A represent basal and apical cochlear regions, respectively, in which electrode
function may be altered due to deep insertions.
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TABLE 1
Demographic and Performance Measures of Study and General Adult CI Populations at WU
Measure Study Subjects General Population
N 14 63
Age at Time of Study 60.3 ± 13.0 57.1 ± 17.0
Age at Onset of HL 23.9 ± 11.1 21.6 ± 19.2
Duration of Deafness 11.7 ± 10.9 18.4 ± 15.9
Duration of HA Use 19.8 ± 14.2 20.5 ± 14.8
Duration of CI Use 1.9 ± 1.6 2.1 ± 0.8
CNC Word Score 46.1 ± 26.1 50.2 ± 22.5
Measures are Means ± 1.0 SD. Units are years or % correct, as appropriate.
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TABLE 2
Linear Regression Models of CNC Word Recognition (% Correct)
Model No. Model Description R2 Sig. Lev (p value)
1 CNC1 = A1 + (B1*Scalar Position) 0.494 0.005
2 CNC2 = A2 + (B2*Scalar Position) + (C2*Age) 0.662 0.003
3 CNC3 = A3 + (B3*Scalar Position) + (C3*Age) + (D3*Total
SV Elect Count)
0.825 0.000
where A1 = 124, B1 = −32.7 ; A2 = 152 , B2 = −23.6 , C2 = −0.8 ; A3 = 221, B3 = −60.2 , C3 = −1.3 , D3 = 4.8 ;
Otol Neurotol. Author manuscript; available in PMC 2009 October 1.
